T he primary function of the humoral immune response concerns recognition and neutralization of the foreign Ags by Abs. Three-dimensional structures of the mAbs and their complexes with the corresponding Ags of diverse origins have provided critical insights regarding humoral immune recognition (1) (2) (3) . These studies have contributed immensely toward the understanding of different aspects of an immune response, such as repertoire shift, affinity maturation, idiotype networks, and crossreactivity (4 -8) . However, the mechanistic aspects of Ag recognition and neutralization in a polyclonal response would be best studied at the level of an ensemble of Abs recognizing the same Ag.
Complexes of different Abs raised against the same protein Ag, but recognizing independent epitopes, have enabled mapping the antigenic determinants (9 -12) . Although remarkable structural insights have been gained from all these studies, the correlation of structural information with the mechanistic aspects of a polyclonal Ab response requires further exploration. It has been observed that different extents of conformational changes occur in Abs as well as Ags on binding (1) . The role of such changes in defining an immunodominant epitope needs to be further addressed. The immunodominant nature of an epitope manifests itself due to the relatively high immunogenicity of that epitope. Despite the extensive structural work on the Ag-Ab interactions, the structural basis of immunodominance is still a puzzle.
To relate structural, mechanistic, and functional aspects of the humoral immune response, we have used a panel of murine mAbs derived from the secondary response to a peptide Ag, PS1 (HQLD PAFGANSTNPD). All these Abs recognized a common four-residue stretch (DPAF) as an immunodominant epitope. The immune response against this peptide, derived from the large surface Ag of the hepatitis B virus, has been extensively characterized (13) . The three mAbs selected for structural studies were derived from the spleen of the highest responder among a group of animals immunized with the peptide PS1CT3, in which CT3 segment of the peptide represents a T cell epitope. The Abs PC283, PC282, and PC287 belong to the isotypes IgG1, IgG3, and IgG1, respectively (14) . Furthermore, the differences in the V region sequences, including those of the complementarity-determining regions (CDRs) 3 of both H and L chains of the Abs, are evident ( Fig. 1 ). The Abs used in this study represent an oligoclonal subset of the polyclonal response mounted against PS1 in an individual animal. The crystallographic analyses of these Abs in their bound and unbound forms should, therefore, provide an insight into the structural features associated with a polyclonal humoral response. Among the three Abs, structure of the complex of PS1 with the Ab PC283 was reported earlier (15) . Structure of the bound as well as native forms of the other two Abs, PC282 and PC287, has now been determined. Comparison of the Ag-bound and unbound Ab structures suggests involvement of diverse modes of Ab activation for Ag binding. The ensemble of structures shows that the immune response converges to an equivalent set of CDR conformations recognizing the epitope in a common conformation with uniformly high affinity and specificity. The convergence in conformation of both Ab and Ag observed in this study indicates that the structural repertoire is limited, but effective. 5 l peptide/Fab (10 mg/ml Fab). For the complexes, peptide:Fab molar ratio of 20:1 was used. Crystals of the PC287 Fab-PS1 and PC282 Fab-PS1 complexes were obtained with a reservoir solution containing 20% PEG3000 and 20% PEG8000, respectively. The crystals of unliganded PC282 and PC287 were grown from a reservoir solution having 10% PEG3000 and 15% PEG8000, respectively. To obtain crystals of PC283 in its native state, crystallization experiments were set up at three different pH values and two different temperatures, using a variety of precipitants, salts, and organic solvents, and using both hanging and sitting drop methods without any success. Microseeding from precipitate and cross seeding also did not lead to crystals.
Data collection
The x-ray intensity data were collected on Image Plate (Marresearch, Hamburg, Germany) installed on a rotating anode x-ray source (RIGAKU) operated at 40 kV and 70 mA (CuK␣ radiation) with a Ni monochromator. The crystal data and the intensity statistics are shown in Table I . It was inferred from calculations of the Matthews constant (Vm) (16) that there is one molecule in the asymmetric unit for all the crystals. The intensity data were processed using DENZO and merged using SCALEPACK (17) .
Structure determination
Molecular replacement was conducted with the PC283 structure as the probe model using AMoRe (18) for both the complexes. The PC282 intensity data gave a good correlation coefficient (C F ϭ 45.3%), and subsequent refinement was conducted using this model. However, a lower C F (22.6%) was obtained with PC287-PS1 data. It was envisioned that the relative orientation of the V and H superdomains in the PC287 molecule, defined by its elbow angle, is substantially different from that of the PC283 Fab. Hence, molecular replacement was conducted with a number of different Fab molecules available in the PDB. The model having PDB code 1F58 gave a very good C F (60%) with the PC287-PS1 intensity data. It was observed, as predicted, that the elbow angle of 1F58 is very different from that of the PC283 Fab. The elbow angle of PC283 was changed to match that of 1F58. Molecular replacement using the modified PC283 Fab structure yielded a C F of 68%, and, hence, further refinement was conducted using this model.
For the two unliganded datasets, the refined model of each Fab from the complex structures was used to carry out molecular replacement. As expected, a high C F (ϳ70%) was obtained for both the Abs, and subsequent refinement was conducted using the corresponding models.
Refinement
Further refinement was conducted using CNS (19) . Both conventional R cryst and R free (20) values (10% of total reflections) were used to monitor refinement progress. Initially, rigid body refinement was conducted for the whole Fab molecule. On defining V H , V L , C H , and C L domains as discrete units, the rigid body refinement led to a substantial drop in the R cryst and R free . The model was further refined using positional refinement protocol of CNS. Electron density maps were displayed with the help of program O (21) on O 2 (Silicon Graphics, Mountain View, CA), and the sequence of PC283 was slowly changed to that of the corresponding Abs during iterative refinement. The side chains and backbone conformations of the CDR loops were rebuilt iteratively as the density in these regions improved. Subsequently, clear and empty density could be seen in the Ag-combining site into which the peptide PS1 was gradually built. Initially, the stretch DPAF could be unambiguously fitted into the electron density, and the rest of the peptide could be built subsequently as the refinement progressed. Water molecules were then added using the water pick program in CNS. The overall quality of the model was checked with PROCHECK (22) . For the native structures, a similar refinement protocol was followed. Final refinement statistics for the four structures are given in Table I .
Analysis
The sequence alignment of the V regions of the L and H chains was conducted using CLUSTALW (http://www2.ebi.ac.uk/). The V regions of the three Abs were structurally aligned using the HOMOLOGY module of INSIGHTII (Molecular Simulations, San Diego, CA). The intrapeptide and Ab-peptide contacts were determined using CONTACT program (23) . To determine the van der Waals contacts, a cutoff of 4 Å was used. The potential hydrogen bonds listed out by the CONTACT program were confirmed visually in INSIGHTII. The solvent accessible area was calculated using ACCESS SURF module of MSI software (Molecular Simulations), based on the Lee-Richards algorithm (24) , using a probe radius of 1.4 Å. The shape correlation statistic was calculated using program S c to quantitate complementarity between the DPAF epitope and the three Abs (25) . The structures were compared with each other by calculating root mean square deviation (rmsd) in the position of both C␣ atoms and all atoms.
Results

Ag structure in different Ab environments
The structure of PS1 bound to PC282 and PC287 were both determined at a resolution of 2.5 Å (Fig. 2) . Seven residues from Gln 2P to Gly 8P and eight residues from His 1P to Gly 8P could be unambiguously traced into the electron density in the 2Fo-Fc map for the PC282-PS1 and PC287-PS1 complexes, respectively. In both the structures, the conformation of the residues Asp . This ␤-turn constitutes the site of primary interactions with the Abs. In the two complexes, the stretch Gln 2P to Phe 7P is present in the binding site, while the residue Gly 8P of the peptide is raised above the Ag-combining site. The structure of the PC283-PS1 complex in which all the residues of the peptide could be traced into the electron density has already been reported (15) . Thus, the stretch QLDPAFG could be unambiguously defined in all the three complexes. To compare the peptide conformations, the PS1 structures were aligned in space by superimposing the V domains of the three Fab molecules. The aligned structures of the common stretch QLDPAFG are shown in Fig. 3A . A pairwise comparison of the conformation of the peptide when bound to different Abs was conducted by calculating rmsd values in the position of C␣ atoms as well as all atoms. The rmsd values suggest that the side chain and main chain conformation in case of the residues Pro 5P , Ala 6P , and Phe 7P are similar, with all rmsd values being within 0.5 Å. Conformations of the residues Gln 2P , Leu 3P , Asp 4P , and Gly 8P are considerably different in case of PS1 bound to PC282 and PC287 compared with the peptide bound to PC283. For Asp 4P , the side chain orientation is different in the case of PC283 but similar in the other two complexes. However, the pairwise rmsd values for deviation in the position of C␣ atoms of the DPAF stretch are within 0.9 Å. This stretch shows ␤-turn conformation in all the three complexes (Fig. 3A) . The presence of a turnlike conformation in peptides bound to Abs has been seen in the structures of a majority of Fab-peptide complexes (1, 15) .
Structures of the Abs in the Ag-bound state
The V and C domains are nearly in line with each other in case of PC287, with an elbow angle of 172 o . In case of PC283 and PC282, the two superdomains are at an angle with each other, with elbow angles of 147 o and 142 o , respectively. Thus, the Fab molecules show differences in the relative orientations of the V and C superdomains (Fig. 2) . The solvent inaccessible area of the interface between the V H and V L domains was measured to be 1594 Å 2 in case of PC283, 1488 Å 2 in case of PC282, and 1719 Å 2 in case of PC287. It has been suggested that the differences in V H -V L interface area reflect the differences in the rotational relationships between the two V domains (1, 26) . However, the V domain can be superimposed without the need for any transformation on either the V H or the V L domain in the three Abs. Thus, the relative orientation of the V H and V L domains is the same in the bound forms of all the complexes.
The V domains of the three Abs when structurally aligned according to the strands that compose the ␤-sheets, as shown in for C␣ atoms of CDR L3 between PC282 and PC283 and between PC287 and PC283 are 2.34 and 2.5 Å, respectively, which are primarily due to an insertion, Leu 96L , in CDR L3 in case of PC287 and PC282. The pairwise rmsd values, after exclusion of Leu 96L and a residue before and after, were within 0.9 Å, indicating that the major difference in the conformation of CDR L3 is localized near this insertion, with the other residues having similar backbone conformation (Fig. 3B) .
The V region sequences of the three Abs were compared against the database of mouse V, D, and J germline gene segments using the IgBLAST program (27) . For the H chain V gene segment, very high scores were obtained with the genes VH36 -60 and NC1-A7 in case of all the Abs. For the L chain V gene segment, the genes 19 -20 and 19 -29 gave high scores with the three Abs. For the H chain J segment, the JH2 gene, and for the L chain any of the JK genes, except JK3, could have been used in each of the three Abs. Among the D segments, Q52 showed homology with the corresponding region in the H chain of all the Abs. Overall, the CDR sequences of PC282 and PC287 show more similarity to each other than with those of PC283. Although it is possible that the three have originated from independent naive B cells, it is likely that PC283 may have matured from a progenitor distinct from that of the other two Abs.
Ag-Ab interactions
The residues of the three Fab molecules, which show contacts with the peptide residues, are shown in Table II and in Fig. 4 . It is obvious from the table that the majority of the interactions in all the three cases are formed by the DPAF stretch of the peptide. The table shows that Leu 3P and Asp 4P interact with a different set of residues in case of PC287 and PC282 compared with those in case of PC283. The residues of the hypervariable loops that interact with Pro 5P , Ala 6P , and Phe 7P are spatially conserved, and in some cases, are also identical. This is true even for residues of CDR L3, which show a marginally different conformation in the case of PC283 relative to that seen in PC282 and PC287. Furthermore, Table II reveals that the number of contacts formed by the similar Ab residues are slightly different in the three complexes, indicating that there are subtle differences in the conformations of the hypervariable loop and peptide residues.
The hydrogen-bonding interactions between peptide and Ab in case of all the three complexes are shown in Table III in the case of PC283) in all three cases. Water molecules could be placed in the electron density maps of the PC282 and PC287 complexes. In case of PC282-PS1 complex, a water molecule forms hydrogen bonds with Asp 4P of peptide and Gly 50L of Ab. Even though the residues that are present around this water molecule are the same in both the complexes, the PC287-PS1 complex structure does not show electron density for water at the similar position. The presence of interfacial water molecules at different positions in the same Ab to bind different peptide ligands has been observed earlier (28). However, in the present case, locally dissimilar interactions, water mediated and otherwise, are used in a similar microenvironment for binding the same ligand in different receptors.
The Ag-combining site (paratope) surfaces are predominantly hydrophobic due to the presence of aromatic amino acids (Fig.  5) . This is consistent with the trend that has been observed to date in Ab-Ag complexes (3, 29, 30) . In all the three complexes, the epitope is present in a groove in the Ag-combining site, as has been observed for other Ab-peptide complexes (2, 31, 32) . The PC283 paratope surface, however, shows a number of features unique from that seen in the other two Abs. The presence of a highly hydrophilic patch (formed by Arg 52H with which Asp 4P interacts) and a hydrophobic groove (into which Leu 3P is inserted) are features unique to PC283 paratope. The features conserved in all the three complexes include the shallow, slightly hydrophobic cavity in which Pro 5P is present, the hydrophobic groove in which Ala 6P is present, and the hydrophobic cup into which the aryl ring of Phe 7P is inserted (Fig. 5) . However, it is clear from the figure that the dimensions of the similar topological features in the three complexes do show subtle differences.
The complementarity between the three Abs and the immunodominant epitope DPAF was quantitated by calculating the shape correlation statistics (S c ) (25) . The S c values are calculated to be on a scale of 0 to 1, with the value of 1 indicating maximum complementarity. For the PC283, PC282, and PC287 complexes, the S c values were 0.76, 0.75, and 0.79, respectively. Hence, the extent of complementarity achieved for the minimal epitope is high and similar in the three Abs.
Ab structures in the Ag-free state
The structure of the PC282 Fab molecule in the unliganded native state has been determined at a resolution of 1.8 Å. Cell parameters of the crystals of PC282 in the bound and unbound forms are similar. The elbow angle of the Fab in its native state is 141°, which is two degrees less than that in the bound state. The solvent inaccessible area of the V H -V L interface is 1529 Å 2 as compared with 1488 Å 2 in the complex. When the V H domains in the bound and unbound structures are superimposed, then to overlap the V L domains a rotational transformation of Ϫ4°, 3°, and Ϫ3°along x-, y-, and z-axes, respectively, has to be conducted. Thus, there is only a slight rearrangement in the domain organization on Ag binding.
The V domains of the bound and unbound forms were structurally aligned according to the strands that compose the ␤-sheets, and this alignment is shown in Fig. 6A . The rmsd in position of C␣ and all atoms of the different CDRs showed that the conformation of L2, H1, and H2 is unchanged on peptide binding. The CDR H3, however, shows a movement of ϳ4.7 Å. Thus, this CDR undergoes a considerable change in conformation to facilitate peptide binding. The structural alignment of the bound and unbound states of PC282 showed that this CDR moves outward, leading to the formation of the hydrophobic cup in which the aryl ring of Phe 7P is present. Comparison of the paratope surfaces of the native and bound states shows that there is a significant change on peptide binding, as can also be seen from Fig. 5 . The volume of the hydrophobic cup in which Phe 7P is present is considerably less in the native state. The changes in the CDR H3 conformation constitute a significant rearrangement of the PC282 Ag-combining site on peptide binding. Hence, this binding event can be classified as following the "induced fit" or "handshake" mechanism (33) .
The structure of PC287 in the unbound form has been solved to a resolution of 2. PC287, the rmsd values indicate that the main chain conformations of all the CDRs are the same in both bound and unbound forms, as is evident from Fig. 6B . In addition, the values suggest that the side chain conformation of only CDR L3 residues changes significantly on peptide binding. The structural alignment of the bound and unbound states reveals that this is due to the side chain of the residue Tyr 94L of CDR L3, which flips outward, away from the Ag-combining site on peptide binding. This residue does not exhibit any interactions with the peptide in the bound state, but its outward flip prevents steric clashes with Ala 6P of the peptide. The side chain as well as main chain conformations of the other CDR residues show only minor variations on peptide binding. The paratope surfaces differ significantly between the bound and unbound states primarily due to the conformation of Tyr 94L , which is located over the groove in which Ala 6P is present in the bound state. The side chain of the Tyr 94L also covers the hydrophobic cup in which Phe 7P is present to some extent. This hydrophobic cup is also occluded by water molecules present near its rim. The comparison of the bound and native structures suggests that the changes that facilitate ligand binding are the Tyr 94L side chain movement and the exclusion of two water molecules. Relative to the substantial rearrangements that are seen in case of PC282, the binding event of PC287 and PS1 follows a lock and key mechanism. It has been proposed earlier that for binding events involving only changes in side chain rotation, the term "mutual fit" is more appropriate (2).
For both PC282 and PC287, the crystal packing in the bound and unbound forms is similar and does not interfere with the conformation of the CDRs in either case. Despite the high sequence identity of CDR H3 between PC282 and PC287 Abs, their behavior on peptide binding is very different. A considerable outward movement of CDR H3 was observed in the former, while the latter showed no conformational change. The analysis of residues involved in stabilizing the paratope structure shows that Pro is present at H100 in case of PC282, while this position is occupied by Asp in PC287. The side chain of Asp 100H forms a salt bridge with that of Arg 94H and forms hydrogenbonding interactions with the side chain of Thr 97H in both the bound and unbound forms of PC287 (Fig. 7) . In case of PC282, however, the Pro residue cannot form such a network of bonds to hold Thr 97H in the same position in bound and unbound states. Hence, in the absence of the peptide, the CDR H3 falls toward the center of the groove in the case of PC282. This conformation is stabilized by hydrogen-bonding interactions between backbone carbonyl oxygen of Thr 97H and the hydroxyl oxygen of Ser , and Asp 100H holds the CDR H3 in the same conformation in both absence and presence of peptide.
We were not able to crystallize unliganded PC283 despite multifarious efforts; a large number of conditions and methods have been attempted without any concrete success. It may be noted that extensive and unusual interactions between the epitope and paratope were observed in case of PC283-PS1 complex, implying possible role of Ag for stabilizing the paratope structure (15) . Therefore, it can be surmised that the Ag-combining site could be flexible in the absence of the Ag in this case. The mechanism of PC283 binding probably involves a disorder-order transition of the CDR loops on ligand binding.
Discussion
Diverse Abs exhibit equivalent topologies while recognizing a common immunodominant peptide epitope in similar conformation
The Fab-peptide crystal structures provide a description of epitope-paratope interactions and conformational features of PS1 when bound to the three independent Abs. In all the complexes, the major energetic contribution to Ab binding of PS1 comes from interactions formed by the four residues DPAF. The murine immune response against PS1 progresses in such a way that, although the primary response is directed against diverse determinants, the Abs in the secondary response are unanimous in their specificity for the stretch DPAF (14) . This immunodominant nature of DPAF is in accordance with the observation that the same residues exhibit maximum interactions with the paratope in all the three cases. For peptide Ags, the inherent flexibility could facilitate adaptability while binding to diverse paratopes from the preimmune repertoire and, thus, be instrumental in eliciting an immune response (34, 35) . It was shown that the peptide PS1CT3, against which mAbs were generated, does not have a single definite conformation in aqueous solution, as observed from the proton-decoupled 13 C nuclear magnetic resonance and circular dichroism studies (14, 36). PS1 did not indicate propensity for any regular secondary structure, when analyzed experimentally and computationally. Therefore, a priori, it was anticipated that the ability of PS1 to take up a multitude of conformations would be relevant in defining the immunodominant nature of the DPAF epitope. Contrary to this, however, DPAF exists in a similar conformation in all the three complexes.
The DPAF segment adopts a ␤-turn conformation when bound to any of the three Abs. Diverse peptide epitopes, when bound to corresponding Abs, exist in a variety of different conformations. However, the ␤-turn conformation is observed statistically more often (1, 15) . In the ␤-turn conformation, all the side chains are directed outward on the same side of the main chain, and the side chains of nonconsecutive amino acids come in close proximity. This enables a large number of side chain interactions with the Ab, ensuring higher specificity. It may, therefore, be inferred that the structural properties that make this particular sequence immunodominant are optimally presented by adopting the ␤-turn conformation.
Differences exist in the sequences and quaternary arrangements of the superdomains in the three Abs. However, the backbone conformations of the hypervariable loops are remarkably similar in the bound state. In other words, a similar set of CDR conformations is used to stabilize a common conformation of the epitope. It appears that the selection pressures during Ab maturation filter out a common conformational solution to the problem of binding the same epitope. There have been several crystal structures illustrating interactions of Abs with a protein Ag wherein each of the Abs recognizes a different epitope (9) . In contrast, the hapten molecules, which are small and rigid, would be expected to bind different Abs in similar orientation exhibiting common interactions. This has indeed been observed in case of two different Abs against a transition state analog hapten derived from the same immune response (37) . Unlike proteins and haptens, peptidyl Ags are relatively flexible, and it would have been expected that the polyclonality of the Ab response may actually arise from the conformational polymorphism associated with such linear peptides. Indeed, Churchill et al. (38) have shown that two Abs against a peptide from the hemagglutinin of influenza virus, derived from the same germline progenitor, exhibit similar conformations of the CDRs. In the present study, the three Abs show similar CDR conformations even though they are derived from at least two different germline B cells.
Different pathways of binding are used by diverse Abs for Ag recognition
We have determined the native unliganded structures of two of the three Abs. It is evident that these two Abs show distinct structural characteristics that are prominently expressed in the CDR H3. It has been established that, among all the CDRs from L as well as H chain, the CDR H3 exhibits maximum sequence and hence conformational variability. Variation in H3 alone is adequate to render protective immunity against diverse pathogens (39) . Thus, the structural variations in CDR H3 are essentially designed for defining specificity. It is, therefore, intriguing that such structural variations are observed between PC282 and PC287 in their unliganded form.
Attempts have been made to classify CDR H3 conformations into canonical classes even though this loop adopts a wide range of conformations (40, 41) . The part of the loop proximal to the framework region has been referred to as torso, and the tip region has been termed apical. In majority of the cases, presence of an Arg residue at H94 position is a signature for a bulged torso conformation (42, 43) . Although the presence of Asp at 100H stabilizes this conformation through a salt bridge with Arg 94H , the absence of Asp does not affect this particular conformation of CDR H3. However, from our observations, it appears that presence of Asp at this position in the CDR can influence the apical region conformation. In case of unliganded PC287, the side chain of Asp 100H forms a salt bridge with that of Arg 94H and shows hydrogen bonding with the side chain of Thr 97H . However, because the Asp is replaced by Pro, in case of PC282 this polar interaction is not possible. Accordingly, the CDR H3 falls over the groove in PC282 and is stabilized in an alternate conformation through a hydrogen bond involving backbone carbonyl of Thr 97H and the Ser 91 of CDR L3. In case of PC283, Thr is present at the corresponding position, suggesting a different apical conformation for this loop. Thus, the apical region conformation of CDR H3 would be substantially different in the three Abs, and this can prevent their classification in the same canonical class.
The network of polar interactions formed between Arg 94H , Thr 97H , and Asp 100H holds the CDR H3 in PC287 in the same conformation in both absence and presence of peptide. The absence of such interactions in PC282 leads to a significant difference in the conformation of CDR H3 in the bound and unbound state. Similarly, PC283 also might have a different conformation for this loop in the liganded and unliganded forms. In any case, for PC283, although it could not be crystallized in the Ag-free state, there is indirect evidence to suggest that the paratope in this case may exhibit flexibility. Overall, the sequence differences in the CDR H3 and consequent differences in the polar interactions present in the unbound state lead to different conformations of this CDR in the three Abs. However, on binding the identical epitope DPAF, the conformation of this CDR in the three Abs is similar. There is an explicit shift from different to similar in case of CDR H3 conformation. Hence, when the three Abs are taken together, it is evident that, on epitope stabilization, the CDR H3 converges to a common conformation. In case of the other five CDRs, also it is seen that the rmsd in the position of C␣ atoms decreases on peptide binding, albeit to a smaller extent. Thus, the CDRs in the three Abs undergo changes of varying degrees, leading to conformational convergence on Ag binding.
The entire ensemble of structures shows that the core of the peptide-binding groove in the three Abs is highly hydrophobic. In the absence of the Ag, it might, therefore, require shielding from the solvent. Apparently, this is achieved by the movement of CDR H3 over the core of the paratope in case of PC282. Similar conformational change is not possible in case of PC287; this shielding is, therefore, achieved, to an extent, by the flipping of the aromatic ring of Tyr 94L . Such a shielding is perfectly achieved on PS1 binding. It can, therefore, be anticipated that the inherent hydrophobic features of the DPAF epitope provide enormous strength in selectivity and may define an additional property relevant for immunodominance in this case.
The three Abs exhibit different levels of structural alterations to ultimately arrive at a similar set of CDR conformations to bind the immunodominant epitope in a common conformation with comparable affinities in the physiological range. They appear to recognize the Ag in three different ways. One involves more of a lock and key mechanism (PC287), the other involves an induced fit mechanism (PC282), and the third probably involves a disorder to order transition (PC283). Even if the two Abs for which we have determined the crystal structure, with bound Ag and without, were to be considered, interesting implications emerge. It is obvious that the paratope is already preorganized for receiving the Ag in one case (PC287), while a significant change in the conformation is necessary in the other (PC282). It is possible that PC282 and PC287 may have matured from the same progenitor. In which case, it is intriguing that they exhibit independent structures in the absence of the Ag and yet converge over to a common structure when bound to the Ag. It has been shown that preorganization of the Ag-combining site can lead to drastic improvement in the affinity during Ab maturation (5) . However, in the present case, the affinities exhibited by the two Abs toward the peptide are comparable. The water structure in the vicinity of the paratope is different in the Ag bound and unbound forms of the two Abs. Thus, the reorganization of solvent may have been exploited to compensate for conformational changes to achieve similar binding affinities.
Conformational convergence of Ag-Ab recognition is facilitated by the plasticity of interactions
The complementarity achieved for the minimal epitope is similar in the three Abs. The affinities between the Abs and the epitope, as measured through dissociation constants, have been found to be in the order of 10 Ϫ7 M (44). Thus, the immune system has successfully selected and matured a set of Abs that can bind the DPAF epitope with high specificity and affinity. Structures of the complexes exhibit similar main chain conformation for the epitope as well as the Ab CDRs. There are a number of common interactions in the three complexes. It is seen that the Asp 4P residue of the peptide shows a conformational switch to optimally fulfill its potential to form stabilizing interactions. Thus, the flexible nature of the peptide is exploited to compensate for the changes in the paratope to optimize the quality and quantity of Ag-Ab interactions. Also, dissimilar amino acids are present in the three paratopes at equivalent positions interacting with the epitope. A solvent molecule plays a critical role in improving Ag-Ab complementarity in one case, but not in the other two cases. The sequence changes in the paratope may also be compensated, to an extent, through quaternary structural variations in the Ab domains. Thus, there is a degree of plasticity evident in the epitope-paratope association modulated by the nature and conformations of certain side chains and the solvent interactions.
It has been observed earlier that the Ab paratope, especially the germline paratope, does exhibit plasticity (8, 44) . The ability of different peptides to bind to the same Ab either by changing structure, or through presence of cementing water molecules, is documented (8, 28) . The degree of plasticity seen in the three Fabpeptide complex structures described in this work is qualitatively similar to that observed in other physiological interactions (45, 46) . The sequence variations in the CDRs of the three Abs do not lead to significant differences in the main chain conformation due to the observed leeway in interactions. Thus, the conformational convergence of the epitope and the paratopes has direct correlation with the plasticity of Ag-Ab interactions.
Is the structural convergence in epitope-paratope recognition designed for the optimization of immune response?
It is expected that the Ab response in an individual against a flexible epitope would involve a set of genetically heterogeneous Abs, which bind to different parts and conformations of the epitope through diverse CDR conformations and interactions involving different Ab clones. Additionally, it is likely that PC283 could have evolved from a progenitor distinct from that of the other two Abs, and hence two independent naive mature B cells have evolved through somatic mutation into a set of three combining sites. If a flexible peptide binds to separate naive B lymphocytes, one would naturally expect them to lead to independent paratopes. The conformational convergence observed in ours and other related studies gives rise to the hypothesis that the immune system, of an individual mouse, might encourage, against an individual Ag, a single effective binding mode for successful neutralization, resulting in similar conformations of CDRs of different Abs and cognate Ags.
It appears that the immune system evolves high-affinity receptors only to a single conformation of the epitope even though linear peptides adopt multiple conformations in solution. The dominant hydrophobic features in the Ag-binding site may have been responsible for this effect. This could have been achieved by selecting clones with predominantly hydrophobic features and having similar topology to stabilize the common ␤-turn conformation of the DPAF epitope. Focusing on a single epitope may be an effective and ingenious way of neutralizing the Ag than addressing the conformational repertoire of the Ag in a one-to-one fashion.
The instructional theory regarding Ag-Ab recognition emphasized that the Ab is folded using Ag as a template (47, 48) . In the present study, the Abs converge to a common scaffold while binding to a single conformation of the Ag, even though they have different paratope conformations in the unliganded form. This directly relates to the instructional theory and is consistent with the observations made by Wedemayer et al. (5) while comparing the Ag recognition by germline Ab with that by its affinity-matured descendant.
To summarize, in the present study, we examined binding interactions between a conformationally flexible epitope and three distinct Abs. Our finding that there exists conformational convergence of the epitope as well as that of the paratope in all the three cases was particularly surprising. Notably, each of these Abs was found to follow an independent pathway in recognizing the Ag and use a certain level of plasticity to attain the common goal. While the conformational convergence of the epitope could be correlated with its immunodominance, our observation that the Ab also molds itself in accordance with the optimal conformation of the peptide, which is otherwise flexible in solution, describes a unique feature of Ab maturation responses. In addition to this, directed maturation against an energetically favored conformation of an epitope may be an ingenious way of limiting the structural repertoire of the paratope while effectively neutralizing the Ag. It is therefore tempting to suggest that restricted conformational repertoire on Ag binding may be helpful in minimizing the probability of the generation of self-reactive Abs and thus enhancing self/nonself resolution.
